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Molecular cloning, characterization, and chromosomal mapping 
of a novel human gene (GTF3A) that is highly homologous to 
Xenopus transcription factor IIIA. 

Arakawa H, Nagase H, Hayashi N, Ogawa M, Nagata M, Fujiwara T, 
Takahashi £, Shin S, Nakamura Y. 

Department of Biochemistry, Cancer Institute, Tokyo, Japan. 

We have isolated a novel human cDNA that is highly related to Xenopus 
transcription factor IIIA (TFIIIA). This clone contains an open reading frame 
of 1,269 nucleotides encoding 423 amino acids, including nine repeats of the 
Cys2His2-type of zinc-finger domain. A comparison of its sequence with 
Xenopus TFIIIA revealed 63% identity in nucleic acids and 58% identity in 
amino acids over a large portion of the gene and predicted peptide, indicating 
that the human homologue is likely to function as a transcription factor. The 
zinc-fmger domains of the predicted protein also showed homology with 
those of human genes such as WTl, transcriptional repressor YYl, and 
MYC-associated zinc-fmger protein (MAZ). Northern analysis showed 
expression in various tissues examined. The human TFIIIA gene (GTF3A) 
was locahzed to chromosome band 13ql2.3->ql3.1 by fluorescent in situ 
hybridization (FISH). 

PMID: 7789179 [PubMed - indexed for MEDLINE] 
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ABSTRACT 

Plasmid DNA harbouring the human 5S rRNA gene was 
assembled Into nucleosomes using either Xenopus 
S150 extracts or purified core histones in the presence 
of pectin. In both cases reconstltutlon of nucleosomes 
led to a complete repression of transcription. This 
repression could be efficiently counteracted by pre- 
incutiiafting the template DNA with highly purified 
hTRIIA which allowed the protein to bind to the ICR of 
the 5S gene. By using an efficient and welMeflhed in 
vitro reconstltutlon system bc^ed on isolated core 
histones in the presence of piectin, which is devoid of 
endogenous transcription factors, we demonstrate 
here for the first time that human TFIIIA alone Is 
sufficient to prevent nucleosomal repression of hSS 
gene transcription and that additional pol III transcrip- 
tion factore are not required to achieve thie effect. 
Additionally, we investigated the binding of hTFIIIA to 
a mononucleosome reconstituted on the human 5S 
gene. DNAse I footprinting experiments reveal that the 
entire ICR of the human 5S gene is covered by the 
nucleosome, thereby precluding the subsequent bind- 
ing of human TFIIIA to the promoter of the 5S gene. 

INTRODUCTION 

The chromatin oiganization of genes is of great importance with 
respect to regulatory processes like replication and transcription 
( I ) and several studies have presented evidence that the initiation 
of transcription is strongly affected by the formation of nucleo- 
somes (2-7). Since tran';cription of eukaryotic genes in vivo 
occurs in a nucleosomal environment, the question arises how 
/raw-acting factors gain access to regulatory DNA sequences 
embedded in densely packed chromatin and whether individual 
transcription factors or the complete initiation complex must bind 
in order to displace nucleosomes or alter chromatin structure. 

Previous studies have shown that formation of transcription 
complexes and nucleosome assembly can compete for one 
another in the wake of the replication fork (8,9) and that 
pre-assembled transcription complexes are destroyed during 
replication (10-12). In addition, mechanisms must have evolved 
which render existing chromatin accessible for transcription in 



the absence of replication. Recently it has been shown by Chen 
€t ai. (13) that nucleoplasmin from Xenopus laevis oocytes is 
capable of removing histone H2A-H2B dimers from the histone 
octamer, subsequently allowing the formation of triple complexes 
between transcription factors, the remaining histone tetramer and 
the DNA. Another possibility involves the acetylation of histones 
( 1 4- 1 8) or other foims of modification ( 1 9). It is conceivable that 
a broad spectrum of such mechanisms exist, which may vary from 
gene to gene. A suitable system which has previously been 
employed to investigate these questions concerns the regulation 
of expression of the 5S rRNA genes (20). Although considerable 
information has been accrued concerning the interaction of 
transcription factors IIIA, IIIB and IIIC with the 5S gene 
promoter (2 1 ,22) and their role during the assembly of chromatin 
on the 5S gene from X.laevis (23,24), the results obtained are 
discussed quite controversially. Initially. Gottesfeld and Bloomer 
(25) found that pre incubation of X.laevis oocyte TFIIIA with a 
5S gene prior to nucleosome assembly, counteracted the inhibi- 
tory nucleosomal influence on transcription. In contrast, Trcme- 
thick et al (26) reported that transcription factor IIIA alone does 
not prevent nucleosomal repression of transcription of the 
XJaevis somatic 5S rRNA gene and that tlie entire transcription 
complex is required to achieve anti-repression. In agreement with 
these findings. Felts er al. (27) showed that pre-binding of yeast 
TFIIIA is not sufficient to maintain an acdve transcriptional state 
after chromatin assembly. 

Among other possibilities, die apparent discrepancies in the 
literature could possibly be related to species differences 
observed for TFIIIA. This protein was first characterized (28,z9) 
and cloned (30,3 1 ) from Xlaevis oocytes. However, its functional 
counterpart from human cells seems to differ in size from the 
amphibian oocyte protein, alUiough different molecular masses of 
35 (32) and 42 kDa (33) have also been reported for the human 
protein. Moreover, TFIIIA from Sacdiaromyces cerevbiae has a 
different molecular weight and completely different amino acid 
sequence from that of the amphibian oocyte protein (34,35) 
although the resulting structure, based on nine zinc-finger motifs, 
appears to be very similar. 

The ability of human THUA to act as an anti-repressor of 
nucleosomal inhibition of 5S gene transcription has hitherto not 
been investigated. We employed a plasmid containing a human 
genomic 5S rRNA gene and analysed which factors are required 
to prevent nucleosomal repression of 5S rRNA synthesis in vitw. 
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We report here for the first time that human THIIA is a strong 
anti-repiessor and that binding of the protein alone is sufficient to 
prevent nucleosomal lepression of transcription. 

In addition we investigated the ability of hTRIIA to recognize 
its cognate binding sequence in the context of a nucleosome 
positioned on the human 5S gene. It was previously shown that 
5S genes strongly position nucleosomes (36) and that TRUA 
from Xenopus oocytes differii in its ability to bind to a 5S 
nucleosome depending on the exact positioning of the histone 
octamer (37-39). Our results show that the nucleosome occupies 
the human 5S promoter in a way precluding the subsequent 
binding of human TFIIIA. 

MATERIALS AND METHODS 

Plasmid DNA and DNA fragments 

The 5S rRNA gene derived from human placenta DNA was 
cloned into the BamHlSacl site of a Bluescript vector (Strata- 
gene) as described previously (40). For the elecirophoretic 
mobility shift experiments and for the footprints a 270 bp 
Avaii-Hinfi restriction fragment containing the h55 gene includ- 
ing the whole ICR was prepared, terminally labelled with 
[f-^^?]fiCrP and re-cut with Sntal to obtain a 244 bp fragment 
labelled at one side. Finally, the fragment was purified on a 5% 
polyaciylamide gel. For the transcription experiment outlined in 
Figure 5B a Sall-Alul fragment of the VAI RNA gene subcloned 
into the Hindi site of pUC 18, was used. 

Reconstitution of chromatin 

Two different methods were used to reconstitute nucleosomes on 
plasmid DNA. Using X.laevis extracts (S 1 50) plasmids harbour- 
ing the human 5S gene were assembled into chromatin as 
described previously (41,42). The dose-response curve for 
efficient inhibition of 5S transcription differed slightly in 
individual experiments, but on average 5 ^1 of oocyte extract 
corresponding to an average protein content of 20 ^g led to 
complete repression of transcription even when the plasmids 
were not fiilly assembled into nucleosomes. Reconstitution was 
started by adding 40 mM creatine phosphate, 3 mM ATP, 1 .6 ng 
creatine kinase and ? laM MgCl2 to the reaction mixtures. The 
transcription buffer (see below) was coinplemented with 1 mM 
EDTA and 10 mM ^-glycerophosphate (Sigma) in a total volume 
of 65 111. Samples were incubated for 4 h at 30° C in order to allow 
the nucleosomes to assemble on the template DNA. Altematively, 
reconstitution was achieved according to the method described by 
Stein (43) with a few modifications. Histones from HeLa cell 
nuclei were bound to hydroxyapatite. The linker histones were 
removed by washing with 0.7 M NaCI buffer. The core histones 
were eluted at 2.5 M NaCl and were concentrated using Filtron 
macrosep concentrators by centrifugation at 5000 r.p.m. for about 
4 h in a Sorvall HB 4 rotor. Quality and purity of the isolated core 
histones were checked by SDS-PAGE. For an efficient recon- 
stitution, plasmid DNA and histones were mixed at a molecular 
mass ratio of 1:2, in the presence of relatively high amounts of 
pectin (40-fold in comparison to DNA concentration) and 250 
mM NaCI. Pectin has been shown to serve as a histone sink 
preventing aggregation of histones at low ionic strength (44). The 
mixmre was then dialyzed against transcription buffer for at least 
3h. 



Reconstitution of mononucleosomes on labelled DNA 
fragments 

Nucleosomal cores from Hl/H5-sOipped donor chromatin from 
avian erythrocytes were prepared as described (45,46) with a few 
modifications. Nuclei from duck erythrocytes (160 OD260 U) 
were digested with 250 U micrococcal nuclease (Sigma) at 37 "C 
for 5 min. The reaction was stopped by addition of 0.5 M EDTA, 
pH 8.0. After centrifugation at 8000 g, the resulting pellet was 
suspended in 0.2 mM EDTA and the chromatin was obtained by 
intensive pipetting for several times. After a second centrifuga- 
tion at 8000 g the chromatin remained in the supernatant which 
was subsequently loaded onto a Sephacryl S-4(X) gel filtration 
column. The S-400 colunm was equilibrated with 5 mM 
Tris-HCI, pH 7.5, 2.5 mM EDTA, 550 mM NaCI, 0.2 mM PMSF 
and 0.2 mM p-mercaptoethanol. The quality of the prepared 
chromatin was checked by 1 7.5% SDS-PAGE. Those chromatin 
fractions which v; . - * i.iund to contain only core histones were 
pooled and con':«'.n!ratti: using Centricon microcpncentrators 
(Amicon). For chromatin reconstitution on 5S DNA fragments 
\ye combined 200-300 ng of the terminally labelled h5S fragment 
(containing at least 2 x 10^ c.p.m.) with 40 jig of the concentrated 
donor chromatin in reconstitution buffer ( 13 mM Hepes, pH 7.5, 
47 mM Tris-HCl, pH 7.5, 2 M NaCI, 1 mM EDTA and 20 jiM 
p-mercaptoethanol). Reconstitution of nucleosomes was 
achieved by a salt gradient dialysis from 2 M to 250 mM NaCI 
over at least 10 h. The. reconstituted material was separated from 
the remaining free DNA and high molecular aggregates by 
centrifugation through a 5-30% glycerol gradient for 15 h at 
55 000 r.p.m. in a Beckman S W 60 rotor at 4**C. 

Purification of HTFIIIA and generation of antibodies 

Human TFIIIA was purified from HeLa cytoplasmic extracts 
(SI 00) by phosphocellulose chromatography as described previ- 
ously (32). Activity of hTHIlA was eluted with 0. 1 M KCI (PC 
A). Human TFIIIB and hTFIIIC activities were eluted with 
increasing salt concentrations (0.35 and 0.6 M KCI). For further 
purification, the PC A fraction was re-chromatographed on 
phosphocellulose with 0.6 M KCI and hTHIIA was finally eluted 
with 1 M KCI (PC AD). Polyclonal antibodies against proteins in 
this fraction were raised in rabbits as described previously (47). 

In vitro transcription 

After pre-incubation of template DNA with protein fractions and 
subsequent nucleosome assembly as illustrated in Figure 3 A, the 
transcription reactions were performed essentially as described 
previously (48). The transcription buffer used in our assays 
contained 20 mM Tris, pH 7.9, 60 mM KCI, 5 mM MgCl2, 10% 
glycerol. 0.2 mM PMSF and 3 mM dithiothreitol. 

MicrccGccal nuclease cleavage and anal^'ses of DNA 
topology 

Chromatin reconstitution by XJaevis oocyte extract was obtained 
under the conditions described above prior to nuclease digestion. 
After digestion, RN Ase treatment and proteinase K digestion was 
conducted overnight at 37 °C. After DNA extraction the samples 
were loaded onto a 1 .2% agarose gel and electrophoresed in 0.5x 
TBE buffer at 50 V overnight. DNA topology was investigated 
by reconstitution of the plasmids with increasing amounts of 
oocyte extract as indicated in Figure 1. Samples were digested 
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Tigure 1. Oocyte SI SO extract inhibits transcription of a human SS gene. 
(A) Decrease of SS gene transcription (upper paneP. The topological change in 
die plasmid DNA under tninscripiional conditions is shown at the bottom of the 
figure. The samples contained 300 ng plasmid DNA harbouring the human SS 
gene and 0 (lane I), 2 (lane 2). 5 (lane 3). iO (lane 4). 15 (lane 5), 30 (lane 6 ) 
and 50 (lane 7) ^il of oocyte S 1 50 extract- (B) The oocyte extract assembles the 
hSS plasmids into nucleosomes. The figure shows the micrococcal nuclease 
cleavage pattern of the reconstituted samples under the same conditions shown 
in (A). Lane 1 . marker DNA (multiples of lOO bp); lanes 2-4, 3(X) ng plasmid 
DNA was cleaved with 1 . 2.5 and 5 U of micrococcal nuclease for I min at room 
temperature. The cleavage reaction was stopped with a 75 mM EDTA-900 mM 
ammonium acetate buflfer, pH 8 (see Materials and Methods). 



overflight with proteinase K and the DNA was processed as 
described, with the exception thai the gel was run for about 20 h 
at 50 V. All gels were stained with ethidium bromide. To check 
the linking number change as a consequence of nucleosome 
formation, a two-dimensional gel electrophoresis was performed 
including 4 \M chloroquin in the second dimension as described 
(49). 

Restriction analyses with Seal 

The availability of a Seal cleavage site was proven by digestion 
of the reconstituted samples (300 ng plasmid DNA and varying 
amounts of oocyte extract) with 0.3 U Seal (obtained fi-om 
Amersham) for 1 .5 h at 37 "C in transcription buffer. 

Electrophoretic mobility shift analyses (EMSA) 

Binding of hTFIIlA to the gel-purified HinfX-SnuiX 244 bp 
fragment containing the hunuui genomic 5S gene was assayed 
either as such or to the same DNA fragment which was organized 
into a nucleosome. For this purpose, the protein fraction 
containing hTFIIlA (PC AD) was pre-incubated with 0.3 jAg 
pUC9 DNA, 20 ^g BSA and I mM DTT at 30<'C for 10 min. 
Subsequently the labelled DNA fragment (free or nucleosomally 
organized) was added and the incubation was prolonged at 30°C 
for 45 min. Following incubation, the samples were loaded onto 
a 4% ( w/v) native poly aery lamide gel. The gel was pre-run for 30 
min and 100 V at 4*0 with a buffer containing 7 mM Tri.s-HCI, 
pH 7.9. I mM EDTA, 3 mM sodium acetate. After loading the 



samples, the gel was tun at 1 SO V at 4°C for 2-3 h. The gel was 
subsequently transferred to Whatman paper, dried and autoradio- 
graphed overnight at -SO'^C with an intensifying screen. 

DNAse I footprint analyses 

The end-labelled 244 bp fragment of the h5S gene described 
?bove was incubated with 70 ^1 phosphocellulose AD fraction 
containing hTFIIlA under the conditions described for the 
BMSA. This sample and the free 5S DNA were cleaved with *0 
ng cl DNAse I dissolved in 25 mM MjiCla and 0.5 mM CaCl2. 
In the case of the octamer* digestion was carried out with up to 70 
ng of DNAse I. Cleavage was conducted for 1 min at room 
temperature and the reaction was stopped with I(X) ^1 of stop 
solution [450 mM sodiuw acetate, 0.1% SDS (w/v), 10 mM 
EDTA]. The samples were incubated with proteinase K for 2 h 
and then extracted with phenol/chloroform/isoamyl alcohol 
(50:50: 1 ). Finally the samples were precipitated with ethanol/so- 
dium acetate (30: 1 ) and the pellets were dissolved in 5 ^l of a 95% 
formamide loadin;^ buffer. Prior to loading onto a 6% (w/v) 
sequencing gel the samples were denatured at 95 "C. The gels 
were autoradiogr^hed with intensifying screens for 2 days (free 
5S DNA sample and the hTFIIIA footprint reaction) or several 
days in the case of the nucleosomal footprint. 

RESULTS 

Repression of h5S rRNA gene transcription by 
increasing nudeosomai densities after in vitro 
reconstitution of chromatin 

Two different systems were used to reconstimte nucleosomes on 
die h5S gene in vitro. On the one hand we used cmde cytoplasmic 
extracts (S 150) derived from stadium 5-6 X,laevis oocytes to 
assemble the 5S gene into nucleosomes (42). On the other hand 
we combined isolated HeLa core histones with the acidic 
macFomolecule pectin at a NaCl concentration of 250 mM to 
assemble nucleosomes on plasmid DNA. Subsequent dialysis 
against transcription buffer led to the formation of defined 
nucleosomal structures. The latter method has die advantage of a 
biochemically well-defmed system, but leads Co closely spaced 
nucleosomes, whereas the chromatin assembled by oocyte extract 
showed nearly physiological spacing. 

As shown in Figure 1 A, incubation with increasing amounts of 
oocyte S150 extract led to a complete repression of h5S gene 
transcription. The decrease in transcription was not due to a 
hypothetical inhibitor contained in the extract, because transcrip- 
tion of a maxi 5S gene added at the begirming of the transcription 
reaction remained unaffected (data not shown). The topological 
change of the template DNA during incubation with S150 under 
transcriptional conditions is shown at the bottom of the figure and 
it is obvious that superttelical stress is introduced into the plasmid 
DNA. The formation of nucleosomes was additionally shown by 
micrococcal nuclease digestion, which generated the typical 
pattern of DNA cleavage at a periodicity of 200 bp typical for 
nucleosomal spacing (see Fig. 1 B). The change in linking number 
tuwards negative values was proven by two-dimensionai gel 
electiophoresis in the presence of 4 |iM chloroquin, which 
i^vealed a nucleosomal density of 12-13 nucleosomes/plasmid 
(data not shown). Basically similar results as shown in Figure 1 A 
were obtained by using isolated core histones to assemble 
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Figure 2. A micleosome reconsdnned over the ICR of the human 5S gene alters 
the accessibility. (A) Schematic diagram of the hSS plasmid with a Seal site 
within the gene and another in the vector DNA. The small circles in the right 
pan of the figure imply packaging into nucleosomes. <B) Increasing amounu; 
of oocyte extract diminish the availability of the restriction sites. The oocyte 
extract alone < 10 ^1} added at the beginning of the restriction reaction does not 
influence enzyme activity (lane 1 ). The same was proven for the reconstitution 
buffer alone (lane 2). The h5S plasmids were reconstituted into chromatin and 
then digested with 0.3 U Seal. Lanes 3-5 correspond to 2. 5 and 10 ^l oocyte 
SI SO extract used in the ^constitution assay. 



nucleosomes, in which case we observed little spacing, indicating 
the crowded package of nucleosomes. 

Restriction analysis of the h5S plasmid bearing a Seal 
cleava:^ site within the ICR 

To further investigate the chromatin organization of the h5S gene, 
a different experimental approach was taken. Cleavage with Seal 
at a site within the ICR of the h5S gene and at a corresponding site 
in the vector generates two fragments when using chromatin-firee 
DNA (Fig. 2A). Assuming that the availability of the cleavage 
site would be reduced when organized in a nucleosome, the 
restriction will not yield these two distinct fragments. Figure 2B 
demonstrates that the restriction efficiency declines after the hSS 
plasmid has been incorporated into nucleosomes (compare lanes 
1 and 2 with 3-5). Neither a conceivable non-specific inhibitor in 
the S150 extract (lane 1) nor the assembly buffer alone (lane 2) 
was responsible for the reduction in cleavage activity. It is 
therefore assumed that the formation of a nucleosome within the 
ICR of the 5S gene is responsible for the loss of restriction 
efficiency. 

Pre-incubation of a human 5S rRN A gene with a 
protein fraction highly enriched in hTFIIIA prior to 
nucleosome assembly fully maintains transcriptional 
activity 

The protein fraction (PC AD) used In these experiments was 
highly enriched in hTFIIIA activity and was entirely free of 
cross-contamination by TFIIIB and TFIIIC, as evidenced by 
reciprocal reconstitution of these fractions and assay for 5S 
transcription. The standard protocol followed in the pre-incuba- 
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Figure 3. Experimental design irur the transcription experiments. (A) Standard 
protocol pursued for the pre-incubation with different phosphocellulose 
fractions, followed by chromatin assembly and the transcription reaction. Note 
that the figure describes the conditions for chromatin assembly in the oocyte 
exuaci. Alternatively, reconstitution was obtained with isolated core histones 
in the presence of pectin and salt followed by dialysis for 3 h. (B) Outline of the 
experimental approach for the immunodepletion of hTFIIIA from phospho- 
cellulose fraction AD before starting the pre-incubation step (see text for 
details). 



tion experiments is outlined in Figure 3 A. Pre-incubation of the 
human 5S gene with the protein fractions was followed by 
addition of the isolated core histones from HeLa cell nuclei or 
oocyte Si 50 extract, respectively. The transcription reaction was 
started by the addition of nucleoside triphosphates (including 
[a-^2p]GTP) and HeLa S1(X) cytoplasmic extract. As shown in 
Figure 4A, prc-binding of human TFIIIA (PC AD) is sufficient 
to maintain transcriptionally active 5S templates even after 
nudeosomal reconstitution in the presence of pectin and 250 mM 
NaCl, whereas hTRIIB (PC B) and hTBIIC (PC C) do not show 
this anti-repression (compare lanes 3-5 with 7-9 and 11-13, 
respectively). It should be pointed out in this context that the 
binding of hTFIIIA to the human 5S promoter is stable under 
these conditions of ionic strength (32). Chromatin assembly using 
the oocyte SI 50 extract led to the same result (Fig. 48). It is 
conceivable that the rescue of transcriptional activity could be due 
to stimulatory effects of the PC AD fraction on the transcriptional 
niachinery present in the SlOO extract. We raled out this 
possibility by showing that addition of the same amount of PC 
AD after chromatin assembly revealed no stimulatory activity 
(see Fig. 4A lane 6 and Fig. 4B lane 7). It should be noted that 
none of the PC fractions were able to generate h5S transcripts in 
the oocyte extract without addition of HeLa SlOO cytoplasmic 
extract, indicating that essential components of the transcriptional 
machinery are either missing or inactive in the oocyte extract 
(data not shown). 

The rescue of transcriptional activity depends on 
hTFIIIA 

To investigate the specificity of the observed anti -repressive 
effect, we generated polyclonal antibodies against purified 
hTFIIIA in rabbits. As shown previously, these antisera inhibit 
binding of human TFIIIA to the 5S gene and its subsequent 
transcription (47). We used these antibodies to deplete human 
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Figure 4. Restoratiun of transcriptiona] activity by binding of hTFIIIA prior to 
nucleosome assembly. (A) 300 ng b5S plasmid DNA was pie-incubatcd with 
20. 40 or 50 ^ll of phosphoccllulose (PC) fiactions prior to nucleosome 
assembly with isolated core histoncs in the presence of pectin and salt Lanes 
3-5, PC AD; lanes 7-9. PC B; lanes 11 -1 3, PC C The transcription of 300 ng 
plasmid DNA without pra-incubation and chromatin assembly is shown in lane 
i. The inhibition of transcription by histones without pie-incubation with PC 
fractions is outlined in lane 2. Additional controls were conducted by adding 50 
M! of the phosphoccllulose fractions as appropriate (as indicated) after 
chromatin assembly had occurred (lanes 6. 10 and 14). The abbreviations pr 
(pre) and po (post) indicate the addition of phosphocellulose fiacti<His prior to 
or after nucleosome assembly. (B) This part depicLs the same conditions as in 
(A) with the exception that oocyte SI50 extract was used for the chromatin 
assembly. Lane 1 . transcription of the plasmid without pre-incubation and 
chromatin assembly: lane 2, inhibition of transcription by 5 ^1 oocyte SI 50 
extract; lanes 3-6, 2. 5. 12 or 20 pt PC AD fraction were contained in the 
pre-incubation step prior to chromatin assembly with 5 til oocyte extract; lane 
7. 20 Hi PC AD fraction were added as u control after chromatin assembly was 
conducted with 5 pi oocy.'t extract. 



TFillA from the PC AD fraction prior to pre-incubation with the 
template DNA (see Fig. 3B). As demonstrated in Figure 5A, 
addition of these antibodies leads to a progressive loss of 
transcription, presumably by depleting hTFIIIA and hence 
allowing the formation of nucleosomes (lanes 2-4). This was 
proven by restoring transcriptional activity through the addition 
of purified hTHIIA prior to pre-incubation with the 5S template 
(control pr, lane 5). As a second control we added the same 
amount of undepleted PC AD fraction after nucleosome assembly 
(control po, lane 6), From the results it is evictent that antibodies 
against hTFIIIA block the function of this protein and hence 
allow nucleosomal repression of transcription which can be 
recovered by the addition of the PC AD fraction before starting 
pre-incubation. Antibodies from pre-immune scmm did not 
exhibit this effect (data not shown). 

As an additional and independent way to assess whether the 
anti-repressive effect of phosphocellulose fraction AD is specific 
for the 5S gene we simultaneously assayed transcription of a pol 
III gene which does not require TFIIIA. In this case the VAI gene 
was used as a control. The results (Fig. 5B) show thai under the 
conditions tested, both genes are transcribed approximately 
equally well in the same reaction (lane I). Beth genes are 
completely repressed by the addition of histones (lane 2). While 
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flffm 5. Rescue of transcriptional activity is specific for himiA 
(A) Immunodeplction of hTFIHA from phosphocellulose fiaction AD before 
binding to the 5S template. Before pre-incubating the plasmid DNA widi 5 |tl 
PC AD f ractio n, antisenun directed against the PC AD fraction was added to 
deplete hTFIHA from this fiaction (lanes 2-4 conesponding lo 1 . 2 and 6 ul 
senun). As a control, 300 ng hSS plasmid DNA was pre-incubaled with 5 mI 
undepleted PC AD fraction priorto chromatin assembly with 5 ^l oocyte extract 
(lane I). Lane 5. after depletion of 5 |il PC AD fiaction with 6 |il seium this 
assay was reconstituted with 5 (il PC AD fraction before pre-incoluaion (Pr). 
Lane 6, depletion of 5 Ml PC AD fiaction with 6|il seram before pfc-incubaiion. 
After chromatin assembly with 5 pi oocyte extraa 5 |il PC AD fiktion were 
added (Po). (B) PhosphocellukKe fraction AO fails to resiorate VAI RNA gene 
transcription. 250 ng h5S and VAI plasmid DNA were transcribed n^gether 
without pie-incubation with PC AD and in die absence of chromatin assembly 
(lane ! ). Lane 2. transcription of both templates was inhibited by additiofi of 600 
ng isolated histones in die presence of pectin and .salt; lanes 3-5, 20. 40 or SO 
Ml of phosphocellulose fiaction AD were present in the pre-incuhation step 
before addition of the histones (Pr); lane 6, 50 Ml of fiaction AD were added to 
the transcriptional reaction after chromatin assembly (Pty). 



this repression can be counteracted by fraction PC AD in die case 
of the 5S gene, transcription of the VAI gene remains repressed 
in the presence of this fiaction (lanes 3-5). Addition of fiaction 
AD after the leconstitution reaction (lane 6) does not restore 
transcription, as was already discussed above. These results show 
that the anti-repressive effect observed is specific for the 5S gene 
and that formation of the entire transcription complex on the h5S 
rRNA gene is not necessary to prevent inhibition of transcription 
by nucleosomes. 

Inabaity of hTFIIIA to form a stable complex with the 
5S gene and the histone octamer 

In the following experiment we studied the binding of hTFItlA 
to a reconstituted nucleosome formed on a 244 bp fragment of the 
human 5S gene. As shown in Figure 6, hTFIIIA was found to be 
unable to bind to nucleosomally packaged 5S DNA (lanes »-1 2). 

Overlap between the 5$ promoter and the nucleosome 

To investigate the positioning of the nucleosome in relation to the 
5S gene, a footprint assay was performed. As depicted in Figure 
7, the reconstituted nucleosome overiaps with the promoter of the 
human 5S gene, including the entire ICR, as evidenced by the 
modular appearance of -1 0 bp fragments after DNAse I treatment 
(see horizontal arrows and compare lanes I and 2). Lane 3 
demonstrates the footprint of human TFIIIA on the coding stiand 
of the h5S gene. In comparison to lane 1 , the overiap between the 
nucleosome and the ICR is clearly visible. This finding strongly 
supports the data found in the eletrophoretic mobility shift assay 
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Figure 6. Binding of hTFIHA to Ibe naked hSS DNA fragment or to the same 
ftagment bearing the leconstituted nucleosomal core, analyzed by electropho- 
retic mobility shift. 1 ng of radiolabelled h5S DNA or the respective 
nuclccsomal coic were preincubated with 5. 10. 20, 30 or 40 jil of PC AD 
fraction (lanes 2-6 and 8- 1 2. respectively). Lanes 1 and 7 conespond to the h5S 
DNA and the octamer without PC AD fraction (see Materials and Methods for 
the detailed binding reaction conditions). 

described above and explains why hTRlIA is unable to bind to 
the hutnan 5S promoter under these conditions. 

DISCUSSION 

Previous experiments demonstrated that several pol II transcrip- 
tion factors can relieve the nucleosomal inhibition of transcription 
when present in a pre-incubation step (50-53). Similar results 
were obtained with pol III transcription factors preventing 
nucleosomal repression of 5S rRNA gene transcription (8,9). 
However, the factors required for the formation of transcription- 
ally active 5S rRNA gene chromatin are controversially dis- 
cussed. Gottesfeld and Bloomer showed for the XJaevis 
oocyte-type 5S gene that THIIA alone is able to prevent 
nucleosomal inhibition when bound to the ICR prior to chromatin 
assembly (25). ta contrast, Tremethick et al (26) found that 
formation of a stable transcription complex consisting of TFIIIA, 
TFIIIB and TRIIC is required to prevent nucleosomal repression 
of a somatic XJaevis 5S gene. Similar results were reported for 
the yeast 5S gene system (27), also indicating that a complex of 
THIIA, inB and IIIC is needed. 

In contrast to the extensively studied Xenopus and yeast 
systems, little is known about the role which human TFIIIA plays 
in connection with the formation of chromatin on the human 5S 
gene. The gene coding for human TFIIIA has thus far not been 
cloned because of the low abundance of TRIIA in human somatic 
cells. The protein was purified from HeLa cells and characterized 
with respect to some of its biochemical properties (32,47). From 
these data and recently published results of Roeder and co- 
workers (33) it is clear that the human protein differs in molecular 
weight from the functionally equivalent counterpart in amphibian 
oocytes. This is in agreement with the findings reported for yeast 
TFIIIA, which has a distinctly higher mass (50 kDa) and an 
entirely different amino acid sequence, although the resulting 
structure, based on nine zinc fingers, is probably very similiar 
(34,35). In view of the apparent species differences observed in 
the TFIIIA molecule, we attempted to investigate the participa- 
tion of the human protein in preventing nucleosomal repression 
of 5S gene transcription. 

Human TFIIIA, purified from HeLa cytoplasmic extracts as 
described (32), was pre-incubated with the human 5S gene prior 
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Figure 7. Footprint analyses of the reconstituted nucleosonial h5S DNA shown 
in Figure 6. The 5S DNA fragment containing a mononucleosome was treated 
with DNAse 1 as described in Materials and Methods (lane 1). As a control, the 
free 5S DNA fragment was incubated without (lane 2) or with hTFIIlA (lane 
3) and likewise digested with DNAse I. L.ane M depicts a standard maricer (pBr 
322, MspX digest) to calibrate the gels. The hatched box of the vertical arrow 
outlines the hTFUlA footprint on the coding strand of the human 5S gene. The 
horizontal arrows indicate the DNA fragments generated by DNAse I cleavage 
of the 5S octamer. depicting the nucleosomal anangement over the ICR of the 
5S promoter. 



to nucleosome assembly by XJaevis oocyte extract (SI 50). The 
oocyte extract conventionally used in these and previously 
published experiments is very crude and contains many other 
proteins besides the histones and assembly factors. To exclude 
conceivable experimental artefacts due to contaminants, as well 
as other transcription factors contained in the S 150, we addition- 
ally focused our attention on an alternative chromatin reconstitu- 
tion system, which is more defined with respect to its protein 
composition (43,44). In contrast to the XJaevis S 150 extract, this 
reconstitution system contains no transcription factors and hence 
the anti-repressive effect observed is limited to the proteins 
contained in the fractions used for pre-incubation. In comparison 
to the physiological spacing achieved by the SI 50 extract, this 
system led to a more dense packaging of nucleosomes after 
rccciistitution. Although based on entirely different techniques, 
both reconstitution methods yielded similar results, showing that 
the transcriptional repression associated with formation of 
nucleosomes could be fully relieved by pre-incubating the 
template with a fraction highly enriched in hTFIHA and free of 
cross-contamination with hTFIIIB and hTFIIIC. 

The accessibility of the 5S gene for a restriction enzyme was 
used as an additional approach to analyse packaging of the ICR 
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into nucleosomes (54), The decrease in restriction efficiency at a 
site within the ICR in the presence of increasing amounts of 
oocyte extract demonstrated that the ICR of the human 5S gene 
is covered by a nucleosome and is hence inaccessible. These 
results ane in good agreement with those of Gottesfeld and 
Bloomer (25), who found that XAaevis THII A alone mediated the 
anti-repressive effect. 

Another question addressed was the specific binding of 
hTHIIA to nucleosomaJIy organized 5S DNA, which is contro- 
versially discussed in the literature. TFIIIA from XAaevis was 
previously found to be incapable of binding to a reconstituted 
histone octamer covering the whole ICR of a somatic X.laevis 5S 
gene (38). In contrast, the formation of a triple complex between 
TFIIIA and the histone octamer formed on a somatic X,boreaUs 
5S gene reported by Rhodes seemed to contradict this result (37). 

In order to evaluate the binding of human TFI!!A to a 
nucleosome, we reconstituted a mononucleosome over a 244 bp 
fragment of the human 5S gene. In contrast to the free DNA 
fragment, we observed no detectable binding of hTHIIA to the 
DNA complexed in the histone octamer and therefore the results 
of Rhodes (37) were not reproducible in our assay. The difference 
between our results and those from Rhodes may, among other 
reasons, depend on the rotational and translational phasing of the 
ICR over the nucleosomal core or could be due to species-specific 
differences in the ICR sequence or biochemical properties of 
TRIIA, To shed light on this aspect we investigated the 
translational phasing of the octamer over the human 5S gene by 
DNAse I footprinting. In relation to the footprint of hTFIIIA it is 
evident that the nucleosome covers the entire ICR of the human 
5S gene with a 3' border approximately at position +120, which 
is very similar to what was described for the nucleosome on the 
somatic X.laevis 5S gene (38). This observation could explain the 
inability of hTRIIA to form a ternary complex with the octamer 
and the human 5S gene, as opposed to the results presented by 
Rhodes (37) with a somatic Xborealis 5S gene, in which case the 
ICR was only partially covered by the nucleosome, thus retaining 
the opportunity for TFIIIA to bind to a critical position of the ICR. 
This particular positioning of the nucleosome in the case of the 
somatic X.borealis 5S gene was conflrmed by Hayes et al. 
(55,56). However, these authors have also reported that the 
histone octamer precluded subsequent binding of TFIIIA to the 
somatic X.borealis 5S gene, whereas the tetramer lacking 
H2A-H2B dimers allowed its binding (39). and these authors 
have suggested that the modification and/or integrity of the 
hi stones used to reconstitute the nucleosome may explain the 
contradictory results (57). 

In conclusion, we show here for the First time, that human 
TRIIA is a strong anti-repressor of nucleosomal inhibition of 5S 
transcription wiiiioul the need to form the entire initiation 
complex as described for the yeast 5S gene (27). Data from 
EMSA show that hTFIIIA is unable to bind to the ICR once this 
clement is organized in o nucleosome. This is in good agreement 
with the observation that chromatin assembly completely abol- 
ishes transcription of the human 5S gene. Since it is presently 
impossible to demonstrate that the chromatin assembly methods 
used in our transcription experiments led to the same translational 
and rotational positioning of the nucleosome over the ICR as was 
the case in the nucleosomal template used in the band shift assays, 
we cannot formally prove that nucleosomal repression of 
transcription is exclusively due to prevention of the sequence- 
specific binding of hTFIIIA. It should be emphasized, however. 



that die complete overlap of the histone octamer and the ICR of 
the human 5S gene could be a valid explanation for tendering the 
nucleosomal template transcriptionally active only when 
hTHIIA has stably bound. If this is not the case, the nucleosome 
is formed and consequently THUA cannot gain access to ite 
cognate binding site. 

It is likely that mechanisms exist in vivo which allow a 
rearrangement or destabilization of nucleosomes. allowing 
TFIIIA to bind. Ptotein complexes which are capable of actively 
modifying chromatin structure have recently been reported 
(58.5P), although their exact relation to the transcription of 
nucleosomally organized templates is still unclear. It has also 
been demonstrated that acetylation of the N-terminal tails of core 
histones increases the probability of TRIIA binding to the 
octamer (57). so that consequences of histone modification for 
the potential transcription of human 5S chromatin remain to be 
clarified by future experiments. 
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